Mycobacterium bovis isolates from cattle, captive elk, and free-ranging mule deer and coyotes were examined by restriction fragment length polymorphism (RFLP) analysis. DNA extracted from each isolate was digested with restriction endonucleases AluI and PvuII. DNA probes used for Southern hybridizations were a 37-base oligonucleotide and a 123-base-pair sequence specific for the insertion sequence IS6110 and a plasmid, pTBN12, which contains a polymorphic GC-rich repetitive sequence present in several species of mycobacteria. Generally, M. bovis isolates originating from a single herd of either cattle or captive elk had identical RFLP patterns, whereas isolates from unrelated sources had distinct patterns. The RFLP patterns for M. bovis isolates from free-ranging mule deer and coyotes were identical to patterns observed for isolates from a captive elk herd that was located in the area where the free-ranging animals were found. These results indicate that the captive elk herd may have been the source of M. bovis that infected the free-ranging animals. Results of this study show that RFLP analysis is a useful tool for differentiation of M. bovis isolates and for molecular epidemiology studies to determine possible sources of infection in outbreaks of tuberculosis in animals.
Most cases of tuberculosis in cattle, elk, deer, and many other species of animals are caused by Mycobacterium bovis, a member of a closely related group of organisms referred to as the M. tuberculosis complex. 20 This complex also includes M. tuberculosis, M. microti, and M. africanum. Species within the M. tuberculosis complex usually are differentiated by results of standard biochemical tests and animal pathogenicity studies. 40 Isolates within a species of the M. tuberculosis complex have been differentiated using a variety of methods, including phage typing, 11 restriction endonuclease analysis, 5, 6 pulse-field gel electrophoresis, 43 and several polymerase chain reaction assays. 2, 18, 19, 21, 23, 26, 30 Restriction fragment length polymorphism (RFLP) analysis is currently one of the most widely used methods for differentiation of M. tuberculosis complex isolates. 3, 8, 12, 14, 15, 17, 22, 25, 27, [31] [32] [33] [37] [38] [39] A recommended standardized method for RFLP analysis of M. tuberculosis isolates includes digestion of DNA with restriction endonuclease PvuII and hybridization with a probe specific for the repetitive sequence IS6110. 38 Mycobacterium tuberculosis isolates usually have 5-20 copies of IS6110 in sites dispersed throughout the genome that vary among strains. This makes IS6110 a useful target sequence to detect genomic differences among iso-lates. 33 However, most M. bovis isolates have fewer than 6 copies of IS6110 and frequently have only 1 copy in a common 1.9-kilobase (kb) PvuII fragment. 35 Another group of repetitive elements used for RFLP analysis is the polymorphic GC-rich repetitive sequences (PGRS). 9, 10, 27, 33 More than 30 copies of these sequences are present in all species of M. tuberculosis complex organisms, as well as in other mycobacterial species. A 3.8-kb fragment of DNA containing a PGRS was cloned from M. tuberculosis and used for RFLP analysis of M. bovis and M. tuberculosis isolates. 27 This sequence on plasmid TBN12 has been especially useful for differentiation of M. bovis isolates. 10, 32 RFLP analysis has been used in the United States, Australia, Ireland, Spain, and other countries to differentiate M. bovis isolates from different geographic areas and species of animals. 7, 9, 10, 16, 22, 25, 31, 32, 34 In the United States, most cases of tuberculosis caused by M. bovis are in animals that are raised for farming or gaming purposes, such as cattle, captive deer, and elk. 1 Tuberculosis was recently reported in a free-ranging mule deer that was harvested from an area near a herd of captive elk infected with M. bovis. 24 Follow-up studies to determine the extent of tuberculosis in wildlife species in that area resulted in isolation of M. bovis from two coyotes.
The purpose of this study was to determine if RFLP analysis can be used to differentiate M. bovis isolates from sources known to be unrelated and to determine if RFLP patterns for M. bovis isolates from free-ranging mule deer and coyotes were the same as patterns for M. bovis isolates from captive elk located in the same geographic area.
Materials and methods
Tuberculosis outbreak in Montana. Tuberculosis was confirmed, by isolation of M. bovis, in a captive elk herd and free-ranging mule deer in 1993 and 1994 in the state of Montana as described. 24 In August 1994, a survey to determine the extent of tuberculosis in wildlife species in the area adjacent to the captive elk herd was conducted. The following animals were harvested and examined for evidence of tuberculosis: 130 mule deer, 15 white-tailed deer, 15 coyotes, 1 antelope, 1 elk, 3 porcupine, and 1 rabbit. Post mortem examinations were conducted on each animal and tissue specimens from lymph nodes of the head and thoracic cavity were collected for laboratory examination. Mycobacterium bovis was isolated from 1 coyote. A follow-up survey of coyotes in the area was conducted in April 1995. Seven coyotes were harvested and tissue specimens from each animal were examined. Mycobacterium bovis was isolated from one of the coyotes.
Organisms. The identification and source of M. bovis and M. tuberculosis cultures used in this study are listed in Table  1 . Organisms were cultured in 100 ml Middlebrook 7H9 medium with 10% OADC enrichment a at 37 C for 4-6 wk before harvesting and washing in 0.15 M phosphate-buffered saline (pH 7.2). Washed organisms were killed by heating at 80 C for 30 min prior to DNA extraction.
DNA extraction, digestion, separation, and transfer. DNA was extracted using a modification of a previously described method. 42 Briefly, approximately 100-150 mg (wet weight) of cells were resuspended in 500 l of 10 mM Tris hydrochloride-1 mM EDTA (TE buffer pH 8.0). The cell suspension was treated with lysozyme (final concentration of 5 mg/ml) for 2 hr at 37 C. Proteinase K and sodium dodecyl sulfate (SDS) then were added to a final concentration of 2 mg/ml and 1%, respectively, and samples were incubated for 16-18 hr at 65 C. After addition of 0.4 volumes of cold 5 M potassium acetate, samples were gently mixed by inversion and placed on ice for 10 min before centrifugation for 10 min at 4 C. DNA was recovered from the supernatant using phenol-chloroform-isoamyl alcohol (25:24:1 vol/vol/ vol) purification and ethanol precipitation. DNA pellets were dissolved in 100 l TE buffer.
Approximately 2 g DNA was digested with 20 U PvuII b and 20 U AluI c using conditions specified by the manufacturers. DNA fragments were separated by electrophoresis in a 0.8% agarose gel (20 ϫ 25 cm) in TBE buffer (89 mM Tris-borate, 89 mM boric acid, 2 mM EDTA) for 20 hr at 45 V. DNA was transferred to a positively charged nylon membrane using standard capillary blotting procedures. 28 Membranes were air-dried and irradiated with UV light to bind DNA to the membrane.
DNA probes and Southern hybridizations. All DNA probes were labeled using conditions specified by the manufacturer of the labeling kits. c A 37-base oligonucleotide probe that hybridizes with the inverted repeats of IS6110 was labeled by 3Ј-end labeling with digoxigenin-11-ddUTP. 10 A 123-bp sequence of IS6110, which was derived by the polymerase chain reaction using previously described primers, 13 and a 3.8-kb PGRS-containing fragment of pTBN12 d were labeled by the random primed method with digoxygenin-11-dUTP. DNA digested with PvuII was probed first with the 37-base oligonucleotide IS6110 probe, then the membrane was stripped and hybridized with the 123-bp IS6110 probe. DNA digested with AluI was hybridized with the pTBN12 probe. Membranes were stripped by washing in 0.2 N NaOH, 0.1% SDS for 30 min at 37 C. Following a brief rinse in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl, 0.015 M sodium citrate, pH 7.0), membranes were wrapped wet in plastic wrap and stored at Ϫ20 C until they were reprobed.
Solutions and reagents for prehybridization, hybridization, and detection of reactions were prepared and used as recommended by the manufacturer of the labeling kits. c Membranes were prehybridized in a sealed bag with 60 ml prehybridization solution for 2 hr at 65 C. Prehybridization solution was removed and 40 ml of hybridization solution with labeled probe was added. After hybridization of membranes for 16-18 hr at 65 C, membranes were washed 2 times in 0.5ϫ SSC, 0.1% SDS for 15 min at 22-24 C and 1 time in 0.1ϫ SSC, 0.1% SDS for 30 min at 65 C. The chemiluminescent substrate used for detection of hybridization reactions was disodium 3-(4-methoxysiro[1,2-dioxetane-3,2Ј-(5Јchloro)tricyclo[3.3.1 3, 7 ]decan)-4-yl) phenyl phosphate (CSPD). c X-ray film e was used to record results following various exposure times. Results were analyzed visually.
Results
RFLP patterns were similar for all M. bovis isolates from the captive elk and free-ranging mule deer and coyotes associated with the tuberculosis outbreak in Montana ( Figs. 1-3, lanes 1-10) . Six bands were visible when DNA was digested with PvuII and hybridized with the IS6110 37-base oligonucleotide probe (Fig. 1, lanes 1-10) . The number of bands and unique fragment pattern allowed for easy differentiation of this group of isolates. These isolates also were differentiated from other isolates when DNA was digested with AluI and probed with pTBN12 ( Fig. 2) . When DNA was digested with PvuII and probed with the 123-bp IS6110 sequence, fewer bands were visible, but the pattern was unique relative to other isolates (Fig. 3) .
Similarly, isolates of M. bovis cultured from a single dairy herd in Texas had fragment patterns that were characteristic for that group of isolates when DNA was digested with PvuII and probed with the IS6110 37-base oligonucleotide and when DNA was digested with AluI and probed with pTBN12 ( Fig. 1, 2, lanes  11-13) . In contrast, RFLP patterns for the M. bovis isolate from the Oklahoma elk ( Fig. 1-3, lane 14) were different from the patterns for the Montana elk, and the patterns for the Colorado feedlot steer isolate were distinguishable from the other bovine isolates (Figs. 1,  2, lane 15) . These results indicate that tuberculosis in animals is caused by diverse strains of M. bovis, rather than strains that are host species specific.
The M. bovis isolate from the Swedish camel had unique RFLP patterns when DNA was digested with PvuII and probed with the IS6110 37-base oligonucleotide (Fig. 1, lane 16) and when DNA was digested with AluI and probed with pTBN12 (Fig. 2, lane 16) . When DNA was digested with PvuII and probed with the 123-bp IS6110 sequence, a single 1.9-kb band was visible (Fig. 3, lane 16) . This band was the same size as the single band observed for M. bovis isolates from the Texas dairy cattle and Oklahoma elk (Fig. 3, lanes  11-14, 16 ). Therefore, these isolates could not be differentiated when the 123-bp IS6110 probe was used.
Discussion
This study demonstrates that RFLP analysis can be used to differentiate M. bovis isolates and that results can be used to aid in epidemiologic investigations of outbreaks of tuberculosis in animals. The captive elk and free-ranging mule deer and coyotes from Montana appeared to be infected with the same strain of M. bovis, based on results of RFLP analysis. Epidemiologic evidence suggests that the captive elk were the source of the M. bovis that infected the wildlife species. 24 These are the first reported cases of M. bovis in free-ranging mule deer or coyotes in the United States.
RFLP analysis is used extensively for differentiation of M. tuberculosis isolates and for epidemiologic investigation of outbreaks of human tuberculosis. 33 Recommendations for a standardized method for DNA fingerprinting of M. tuberculosis isolates includes digesting DNA with restriction endonuclease PvuII and using a probe specific for DNA sequences of IS6110 that are downstream of the PvuII restriction site. 38 The 123-bp IS6110 probe used in the present study hybridized with the region of IS6110 specified in the recommended method. However, differentiation of M. bovis isolates from the Texas dairy cattle, the Oklahoma elk, and the Swedish camel was not possible using the recommended method because only one 1.9-kb fragment was visible (Fig. 3, lanes 11-14, 16 ). This fragment is common to nearly all M. bovis ba-cillus Calmette-Guérin (BCG) strains and to many virulent M. bovis isolates. 17, 37 In the present study, polymorphisms were observed among M. bovis isolates with a single copy of IS6110 when the 37-base oligonucleotide IS6110 probe was used (Fig. 1, lanes 11-14, 16 ). This probe hybridizes to inverted repeats at each end of the insertion sequence; therefore 2 bands are visible for each copy of IS6110 present in the genome. 10 Differences observed in fragment patterns between these isolates are most likely due to differences in sequences flanking IS6110 rather than to changes within IS6110 sequence is highly conserved among copies within a species and among species of M. tuberculosis complex organisms. 4 Probing with pTBN12 when DNA is digested with AluI results in RFLP patterns with approximately 25-30 fragments. The primary region used for RFLP analysis was between 9 and 2 kb, which had 10-12 fragments (Fig. 2 ). This region was relatively easy to analyze and contained polymorphisms that could be used to differentiate isolates. Although polymorphisms were present in fragments less than 2 kb, all isolates with differences could be distinguished by analysis of fragments between 9 and 2 kb. Other investigators analyzed fragments between 1.5 and 7 kb and reported similar results. 10 When DNA was digested with PvuII and probed with pTBN12, the fragment pattern was more complex than when DNA was digested with AluI. However, polymorphisms were detected and isolates differentiated when PvuII was used (data not shown).
In the present study, M. bovis isolates were differentiated equally well when DNA was digested with PvuII and probed with the 37-base oligonucleotide sequence of IS6110 and when DNA was digested with AluI and probed with pTBN12. In previous studies, differentiation of M. bovis isolates was improved when the pTBN12 probe was used compared to use of IS6110 probes. 10, 32 More than 30 copies of the PGRS sequences in pTBN12 are present in the M. bovis genome compared to 1-6 copies of IS6110 present in most isolates of M. bovis. 33 Sixteen M. bovis isolates were evaluated in the present study, and of these, 10 originated from a single outbreak. It was not the purpose of this study to determine the relative sensitivity of different probes for differentiation of M. bovis isolates. Additional isolates from more diverse sources are needed to evaluate the probes.
Bovine tuberculosis has nearly been eradicated from the United States due to the success of the eradication program that was initiated in 1917. 1 This study includes the first reported cases of isolation of M. bovis from free-ranging coyotes in the United States. Until recently, the United States did not have a recognized reservoir of M. bovis in the wildlife population. How-ever, in 1994 M. bovis was isolated from a hunterkilled free-ranging white-tailed deer in northeast Michigan. 29 Follow-up surveys in a 4-county area of this region of Michigan have revealed a low prevalence of infection that may have existed for as long as 40 years. 35 The presence of M. bovis in a wildlife reservoir, such as the white-tailed deer, poses a serious threat to the effort to eradicate bovine tuberculosis from the United States because of the potential for transmission of infection to domestic livestock.
In the final stages of the eradication program, it is important that all animals infected with M. bovis be identified and that sources of infection be determined. Results of this study show that RFLP analysis is a valuable tool that can be used to aid in epidemiologic investigations of tuberculosis caused by M. bovis. Procedures used in the present study are being used to investigate the outbreak of tuberculosis in free-ranging white-tailed deer in Michigan and for investigation of other cases of tuberculosis in various species of animals throughout the United States.
